WEREWOLF, a MYB-Related Protein in Arabidopsis, Is a Position-Dependent Regulator of Epidermal Cell Patterning  by Lee, Myeong Min & Schiefelbein, John
Cell, Vol. 99, 473±483, November 24, 1999, Copyright 1999 by Cell Press
WEREWOLF, a MYB-Related Protein in Arabidopsis,
Is a Position-Dependent Regulator
of Epidermal Cell Patterning
epidermal cell can induce a change in its developmental
fate (Berger et al., 1998a). The simple correlation be-
tween cell position and cell type differentiation in the
Arabidopsis root epidermis implies that cell±cell com-
munication events are critical for the establishment of
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the appropriate cell pattern.
Molecular genetic experiments have defined some ofSummary
the genes controlling cell patterning during root epider-
mis development in Arabidopsis. Mutations in twoThe formation of the root epidermis of Arabidopsis
genes, transparent testa glabra (ttg) and glabra2 (gl2),provides a simple and elegant model for the analysis
cause root hairs to form on nearly every root epidermalof cell patterning. A novel gene, WEREWOLF (WER), is
cell, which implies that the normal role of the TTG anddescribed here that is required for position-dependent
GL2 genes is either to promote non±hair cell differentia-patterning of the epidermal cell types. The WER gene
tion or to repress root hair cell differentiation (Galwayencodes a MYB-type protein and is preferentially ex-
et al., 1994; DiCristina et al., 1996; Masucci et al., 1996).pressed within cells destined to adopt the non±hair
The TTG gene encodes a small protein with WD40 re-fate. Furthermore, WER is shown to regulate the posi-
peats (Walker et al., 1999), and ttg mutations can betion-dependent expression of the GLABRA2 homeo-
functionally complemented by expression of the maizebox gene, to interact with a bHLH protein, and to act
R (Lc) cDNA (encoding a basic helix-loop-helix [bHLH]in opposition to the CAPRICE MYB. These results sug-
transcriptional activator; Ludwig et al., 1989) under thegest a simple model to explain the specification of the
control of the strong cauliflower mosaic virus 35S pro-two root epidermal cell types, and they provide insight
moter, suggesting that TTG is required to activate aninto the molecular mechanisms used to control cell
Arabidopsis bHLH protein to specify the non±hair cellpatterning.
fate (Galway et al., 1994). The GL2 gene encodes a
homeodomain transcription factor protein (Rerie et al.,Introduction
1994), and it is preferentially expressed in the differenti-
ating non±hair epidermal cells within the meristematicA major aim in developmental biology research is to
understand the control of cell type patterning. A model and elongation regions of the root (Masucci et al., 1996).
GL2 gene expression is positively regulated by TTG andemployed for more than a century to study cell pat-
terning is the formation of the epidermis in the plant R, with ttg mutations causing a reduction in GL2 pro-
moter activity and 35S::R expression generating ectopicroot (Haberlandt, 1887; Leavitt, 1904; Cormack, 1935;
Sinnot and Bloch, 1939; Cutter, 1978). This is a simple GL2 promoter activity (Hung et al., 1998). Another Arabi-
dopsis gene, CAPRICE (CPC), which encodes a smallsystem, for only two cell types typically are formed in
the root epidermis, root hair cells and non±hair cells. protein with a MYB-like DNA-binding domain but no
typical transcriptional activation domain, is required forFurthermore, the cells of the root epidermis are accessi-
ble, are organized in a lineage-related manner in files hair cell differentiation and appears to be a negative
regulator of GL2 (Wada et al., 1997). Together, these(columns), and differentiate in a tip-to-base gradient
along the root axis (Esau, 1965; Cutter, 1978). findings suggest that TTG and an R-like bHLH protein
may compete in some way with CPC to control GL2 andIn Arabidopsis thaliana and other members of the fam-
ily Brassicaceae, a distinct position-dependent pattern epidermal cell patterning, though the molecular mecha-
nism is unclear.of root hair and non±hair cells is generated (Cormack,
1935; Bunning, 1951; Dolan et al., 1994; Galway et al., In addition to controlling cell patterning in the root
epidermis, the TTG and GL2 genes also affect epidermal1994). Root hair cells arise over the intercellular space
between underlying cortical cells (outside an anticlinal development in the Arabidopsis shoot. In the hypocotyl
cortical cell wall; designated the ªHº cell position), (the seedling stem), a TTG- and GL2-dependent pattern
whereas non±hair cells occur over a single cortical cell of epidermal cell types exists that is similar to the root,
(outside a periclinal cortical cell wall; designated the ªNº with specialized stomatal cells located preferentially in
position) (Figure 1A). Prior to hair outgrowth, immature the intercellular space outside two cortical cells (analo-
epidermal cells in the H position can be distinguished gous to the H position in the root) and nonstomatal cells
from those in the N position by their greater rate of cell located outside a single cortical cell (analogous to the
division (Berger et al., 1998b), reduced cell length (Dolan N position in the root) (Berger et al., 1998c; Hung et al.,
et al., 1994; Masucci et al., 1996), enhanced cytoplasmic 1998). In the leaf, TTG and GL2 are required for the
density (Dolan et al., 1994; Galway et al., 1994), reduced formation of hair-bearing (trichome) cells (Koornneef,
rate of vacuolation (Galway et al., 1994), and cell surface 1981; Larkin et al., 1997), though there is no similarity
features (Dolan et al., 1994). Despite this early cell differ- in the patterning of epidermal cell types in the leaf and
entiation activity, a change in the position of an immature root epidermis. Thus, TTG and GL2 represent common
molecular components that regulate epidermal cell type
specification in many organs of the Arabidopsis plant.* To whom correspondence should be addressed (e-mail: schiefel@
umich.edu). Here we report the identification and analysis of
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Figure 1. Phenotypes of Wild-Type, wer Mu-
tant, and Transgenic Arabidopsis Roots
(A) Depiction of a transverse section of a wild-
type Arabidopsis root, indicating the normal
location of root hair cells (in the H position)
and non±hair cells (in the N position).
(B) Seedling root phenotype of wild-type (Col)
and wer-1 mutant plants. Bar, 200 mm.
(C) Transverse section from the meristematic
region of wild-type (Col) and wer-1 mutant
roots stained with toluidine blue dye. The wer
mutation abolishes the position-dependent
differences in cytoplasmic density and vacu-
olation that normally arise during epidermis
development. Note that a layer of lateral root
cap cells surrounds the epidermis at this early
stage of root development. Bar, 20 mm.
(D) Seedling root phenotype of mutant and
transgenic plants. Magnification is the same
as in (B).
(E) Proportions of cell types in the root epider-
mis. The bar segments represent the propor-
tion of root hair cells in the H position, root
hair cells in the N position (ectopic hair cells),
and non±hair cells. The proportion of ectopic
non±hair cells could not be accurately mea-
sured but may be inferred from these data.
Two independent transgenic lines (1 and 2)
were analyzed in each experiment with
35S::WER transgenes. Error bars indicate
standard deviations.
WEREWOLF (WER), a regulator of epidermal cell pat- allelic. The F1 offspring from crosses between these
mutants and wild-type plants produced roots with aterning in Arabidopsis. WER is required for patterning
of root and hypocotyl (but not leaf) epidermal cells and normal phenotype and F2 offspring segregated in a ratio
of one hairy root to three normal root plants, indicatingfor appropriate expression of the homeobox gene GL2.
The WER gene was found to encode a MYB protein and that the hairy root phenotype is caused by a single nu-
clear recessive mutation.to be expressed in a cell position±dependent manner,
within developing non±hair cell files of the root and non- Mutations in two loci, TTG and GL2, had previously
been shown to generate hairy roots (Galway et al., 1994;stomatal cell files of the hypocotyl. Furthermore, the
WER protein is shown to interact with the bHLH protein DiCristina et al., 1996; Masucci et al., 1996). Comple-
mentation tests between the newly identified hairy rootencoded by the maize R gene and to act in opposition
to the CPC. These results provide the basis for a simple plants and the ttg and gl2 mutants generated offspring
with normal roots, demonstrating that the hairy root mu-model to explain the position-dependent patterning of
the two cell types in the root epidermis, and they provide tants identified in this screen define a novel locus. Be-
cause the mutations cause a hairy root phenotype, thisinsight into the regulation of epidermis development
throughout the Arabidopsis plant. gene was named WEREWOLF (WER) and the mutant
lines designated wer-1 (in the Columbia [Col] ecotype),
wer-2 (WS ecotype), and wer-3 (WS ecotype).Results
Genetic Identification of a Novel Component WER Is an Early Regulator of Epidermal Cell Fate
in the Root and Hypocotylof Epidermal Cell Patterning
To identify loci controlling epidermal cell patterning, we Microscopic examination of wer mutant roots showed
that their hairy root phenotype is due to ectopic rootscreened M2 seedlings from EMS-treated Arabidopsis
populations for roots displaying abnormal hair produc- hair cell production (Figure 1E). Approximately 90% of
epidermal cells in the N position (located outside a singletion. Three independent mutants were identified that
exhibited a ªhairyº root phenotype (Figure 1B). Comple- cortical cell) produce root hairs in the wer mutants, com-
pared to less than 5% in the wild type. This indicatesmentation tests revealed that these three mutants are
Cell Patterning in the Arabidopsis Root Epidermis
475
that WER is normally required for cells in the N position WER Is Required for Position-Dependent Expression
of the Homeobox Gene GL2to undergo non±hair cell differentiation.
To estimate the developmental stage at which WER To define the relationship between WER and GL2 in root
epidermis patterning, we examined the expression ofis required, various markers of epidermal cell differentia-
tion were examined in the wer mutants. At an early the GL2 homeobox gene in the wer-1 mutant. Northern
blot analysis using total RNA extracted from seedlingdevelopmental stage (within the meristematic region) in
wild-type roots, the differentiating hair cells (in the H root tips showed that the steady-state level of GL2
mRNA is reduced in wer-1 roots (Figure 2A). To deter-position) can be distinguished from the differentiating
non±hair cells (in the N position) by their densely staining mine whether this is due to an effect of wer-1 on GL2
promoter activity, GUS expression was assessed incytoplasm and reduced vacuole size (Dolan et al., 1994;
Galway et al., 1994). In the wer mutant, the H and N wer-1 mutant plants harboring a GL2 promoter::GUS con-
struct. In wild-type plants, the GL2 promoter drives GUSposition cells in the meristematic region lack these dif-
ferences; rather, all cells possess the cytoplasmic den- expression within differentiating root epidermal cells lo-
cated in the N position (Figures 2B and 2C; Masucci etsity and vacuolation characteristics typical of differenti-
ating hair cells (Figure 1C). Another early marker of hair al., 1996). In the wer-1 mutant, this position-dependent
GL2::GUS expression is abolished and GUS activity isversus non±hair cell differentiation is the relative rate
of cell division, which is approximately 30% higher for detected at a relatively low level in a small, scattered
number of epidermal cells (Figure 2B). Quantitative GUSmeristematic cells in the H position (Berger et al., 1998c).
In the wer mutant, however, the cell division rate in assays showed that the wer-1 mutant roots possess
less than 4% of the GUS activity present in wild-typethe two positions is nearly the same (relative H/N cell
division rate: Col wild-type, 1.31 6 0.07; WS wild-type, roots (Col wild type, 2890 6 390 U/mg; wer-1, 110 6
38 U/mg). Analysis of transverse sections of wer-11.29 6 0.07; wer-1, 1.10 6 0.06; wer-2, 1.06 6 0.07;
wer-3, 1.09 6 0.05). Because the wer mutations affect GL2::GUS roots showed that GUS-expressing cells are
located in both the N and H positions (Figure 2C). Theseall aspects of epidermal cell type differentiation, WER
is likely to be required at an early stage of cell fate observations indicate that the WER gene is required for
the appropriate level and pattern of GL2 transcriptionspecification.
Because epidermal cell fate is correlated with the cor- during root epidermis development.
GL2 expression was also assessed in other organs oftical cell arrangement, we tested the possibility that the
defective cell patterning in the wer mutant is due to an the wer-1 mutant plants. In the hypocotyl, GL2::GUS
expression normally occurs in the epidermal files thatabnormality in root structure. Examination of transverse
sections of wild-type and wer mutant roots revealed no give rise to the nonstomatal cells (equivalent to the N
cell position in the root; Figure 2D; Hung et al., 1998).significant differences in the epidermal cell number (Col
wild-type, 19.0 6 1.3; WS wild-type, 18.5 6 1.6; wer-1, In hypocotyls from the wer-1 GL2::GUS seedlings, we
observed a dramatic reduction in GUS activity, indicat-19.2 6 1.8; wer-2, 21.3 6 2.5; wer-3, 20.1 6 0.6), cortical
cell number (all roots examined [n . 6 for each line] ing that WER is necessary for the position-dependent
GL2 expression in the hypocotyl epidermis (Figure 2D).possessed eight cortical cell files), or organization of
the root tissues (Figure 1C; data not shown), indicating Consistent with the lack of an effect of wer on trichome
development, no difference in GL2::GUS expression wasthat the wer mutations do not affect root structure.
Some mutations that alter root epidermal cell pat- observed in the leaf epidermis of wer-1 plants as com-
pared with wild type (data not shown).terning are known to disrupt patterning of hypocotyl
epidermal cells (Berger et al., 1998c; Hung et al., 1998).
Analysis of wer hypocotyls revealed an abnormal distri- Relationship between WER and Other Cell
bution of stomatal and nonstomatal cell types, due to a Fate Regulators
significant increase in the proportion of ectopic stomata Like WER, the maize R bHLH-type transcription factor
(Col wild-type, 0.03 6 0.04; wer-1, 0.27 6 0.09). The is able to regulate GL2 expression and epidermal cell
frequency of ectopic stomata in wer is similar to that in patterning in Arabidopsis, as illustrated by the ectopic
the ttg and gl2 hypocotyls (Berger et al., 1998c; Hung et GL2 expression and ectopic non±hair cells present in
al., 1998) and shows that WER is required for appropriate the root epidermis of 35S::R plants (Figure 1E; Galway
cell type patterning in the hypocotyl epidermis. et al., 1994; Hung et al., 1998). To determine whether
To determine whether wer, like ttg and gl2, affects cell this 35S::R effect requires WER activity, we generated
patterning in the leaf epidermis, we examined trichome and analyzed 35S::R wer-1 plants. These plants produce
production on the wer mutant leaves. No significant a much greater number of root hair cells, and a corre-
abnormalities were observed in trichome morphology spondingly smaller number of non±hair cells, than the
or number in the wer-1 mutant (17.4 6 2.2 trichomes/ 35S::R plants (Figures 1D and 1E), and they exhibit re-
leaf) compared to the Col wild type (18.3 6 2.5 tri- duced GL2 promoter activity, similar to the wer mutant
chomes/leaf), indicating that WER does not regulate epi- (Figure 2B). These results indicate that WER is required
dermal patterning in the leaf. Furthermore, seed coat for the phenotypic effect of the maize R in Arabidopsis,
mucilage production and anthocyanin pigmentation, and it suggests that WER acts either downstream or in
two characteristics that are altered in ttg or gl2 mutants, parallel with this bHLH protein to influence GL2 expres-
are not affected in the wer mutants (data not shown). sion and epidermis development.
Taken together, the phenotypic analysis of wer plants Another factor required for epidermal patterning is
indicates that WER is a specific regulator of cell pat- CPC, which appears to act as a negative regulator of
GL2 (Wada et al., 1997). The cpc mutant possesses aterning in the root and hypocotyl epidermis.
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Figure 2. WER Regulates GL2 Expression
(A) GL2 RNA accumulation in seedling roots. Northern blot analysis was conducted with total RNA from 5-day-old root tips hybridized with
a GL2 gene-specific probe. The ttg-1 sample represents a positive control, as TTG is a known regulator of GL2. The same blot was hybridized
with an Arabidopsis 18s rRNA probe as a loading control.
(B) Expression of the GL2::GUS reporter gene during root development. Histochemical staining of wild-type (3 hr staining), wer-1 (16 hr
staining), wer-1 35S::R (16 hr staining), and wer-1 cpc (16 hr staining) seedling roots harboring the GL2::GUS transgene shows that the wer-1
mutation alters GL2 expression. Triangles mark the location of the sections shown in (C). Note that root hairs are not visible in this developmental
root region; they form on cells above the field of view in these photos. Bar, 50 mm.
(C) Spatial expression of the GL2::GUS reporter gene in transverse root sections. Plastic sections were taken from the meristematic (M) and
early elongation (E) regions (see [B]) of wild-type (5 hr staining) and wer-1 (16 hr staining) seedling roots harboring the GL2::GUS transgene.
Bar, 25 mm.
(D) Expression of the GL2::GUS reporter gene in the hypocotyl. Histochemical staining (16 hr) of 3-day-old seedlings harboring the GL2::GUS
transgene reveals that wer abolishes the wild-type GL2 expression pattern. Bar, 100 mm.
(E) Expression of the GL2::GUS reporter gene in wild-type and 35S::WER seedling roots. Histochemical staining (3 hr) shows that significant
GL2 expression occurs in all the 35S::WER epidermal cells. Bar, 25 mm.
small number of root hairs on the root surface, due to markers and, together with the development of addi-
tional RFLP and PCR-based markers, the WER locusa large proportion of ectopic non±hair cells (Figures 1D
and 1E; Wada et al., 1997). We tested the relative roles was defined to an approximately 30 kb region within a
single BAC clone (F6K20; Figure 3A) from an unse-of WER and CPC by generating and analyzing wer-1 cpc
double mutants. These plants generate an intermediate quenced region of the Arabidopsis genome. DNA frag-
ments from this region were introduced into wer-1 mu-proportion of hair/non±hair cell types, as compared with
the wer-1 and cpc single mutants (Figures 1D and 1E). tant plants, and a 9 kb fragment was found to rescue
the wer-1 hairy root phenotype (Figure 3A). We se-Furthermore, the wer-1 cpc plants direct an intermediate
level of GL2 promoter activity, as assessed by the quenced this 9 kb DNA fragment and identified two
predicted genes, one of which encoded a MYB-like pro-GL2::GUS transgene (Figure 2B). These results indicate
that each mutation can partially suppress the effect of tein. A 5 kb fragment containing only the MYB-like gene
and flanking sequences was found to complement thethe other mutation, and they suggest that WER and CPC
may act in a related but opposing manner to influence wer-1 mutant phenotype (Figure 3A), demonstrating that
this represents the WER gene.epidermal cell patterning.
A cDNA clone of the WER gene was generated using
RT±PCR with RNA from seedling root tips. Determina-WER Encodes a MYB-Related Protein
The WER gene was cloned by a genetic map-based tion and comparison of the cDNA and genomic DNA
sequences showed that the WER gene contains threestrategy using F2 offspring derived from a cross be-
tween the wer-1 mutant (Col ecotype) and the Lands- exons and two introns (Figure 3A; GenBank accession
number AF126399). The deduced WER amino acid se-berg (Ler) wild-type ecotype. We initially mapped the
WER locus within a 4 cM interval on chromosome 5 quence reveals a 203-residue protein (23.5 kDa) con-
taining a region with similarity to the DNA-binding do-flanked by the SSLP markers nga151 and nga106. A
total of 67 recombinants were identified between these main of the proto-oncogene Myb (Figure 3B; Majello et
Cell Patterning in the Arabidopsis Root Epidermis
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Figure 3. Positional Cloning of the WER
Gene
(A) The WER locus was mapped between the
nga151 and nga106 markers on chromosome
5. The numbers of recombinants identified
between these markers and the WER locus
are given in parentheses. The YAC and BAC
contigs spanning the WER gene region are
shown. A restriction map and location of pre-
dicted genes is shown for the 9 kb fragment
of the F6K20 BAC clone that complemented
the wer mutant phenotype. The intron and
exon organization of the WER gene, and the
wer-1, wer-2, and wer-3 mutations (numbers
indicate the affected amino acid positions),
are shown on the 5 kb complementing ApaI-
EcoRV fragment.
(B) Amino acid sequence of WER and its
alignment with the Arabidopsis MYB-related
proteins GL1 and AtMYBrtf. Identical amino
acids (stars) and conserved changes are indi-
cated under the alignment. The two MYB do-
main repeats (R2 and R3) are indicated with
sets of arrows, and the critical tryptophan
residues are designated with dots. The two
intron positions (conserved in all three of
these genes) are indicated with triangles.
Amino acid identities: WER-GL1, 57.1%;
WER-AtMYBrtf, 63.1%.
al., 1986). MYB DNA-binding domains are approximately protein that is apparently nonfunctional and responsible
for the wer mutant phenotype.50 amino acids in length, form helix-turn-helix struc-
tures, and are associated with transcription regulation
(Thompson and Ramsay, 1995). The WER protein has
two MYB domains located in its N-terminal half, and WER Is Expressed in a Cell Position±
Dependent Mannereach domain possesses tryptophan residues in charac-
teristic positions (Figure 3B). In these respects, WER To understand WER gene expression, we first examined
WER RNA accumulation in various plant organs. North-is similar to the two-repeat (R2R3-type) MYB proteins
commonly found in plants (Martin and Paz-Ares, 1997). ern blot analysis showed that the greatest steady-state
concentration of WER RNA is obtained from root tips,The C-terminal portion of WER does not contain any
recognizable structural domains. Overall, WER is most with a lower concentration from hypocotyl/cotyledon
tissue (Figure 4A). Flower, leaf, stem, and shoot meri-similar to two other MYB proteins from Arabidopsis:
GLABRA1 (GL1; M79448), which regulates trichome de- stem samples lacked detectable WER RNA. These re-
sults are consistent with the wer mutant phenotype andvelopment (Oppenheimer et al., 1991), and AtMYBrtf
(Z68158) with unknown function (Figure 3B). The WER indicate that WER expression is limited to the root and
hypocotyl.sequence appears to be identical to several incomplete
sequences identified in searches for MYB-related genes We next assessed the effect of ttg or gl2 mutations
on WER RNA accumulation. Although GL2 was unlikelyin Arabidopsis (CD2, Oppenheimer et al., 1991; AtMYB66
[Z95789] Romero et al., 1998; [AF062900] Kranz et al., to regulate WER, TTG is suggested to activate an R
homolog in Arabidopsis (Galway et al., 1994), and there-1998).
Genomic DNA from the three wer mutant alleles was fore it was also a possible regulator of WER. However,
Northern blot experiments using seedling root tip RNAsequenced, and each possessed a single base substitu-
tion causing a nonsense mutation within the region of isolated from the ttg-1 and gl2-1 mutants did not reveal
any significant difference in the steady-state level ofthe gene encoding the second MYB domain (Figure 3A).
Thus, each mutant allele produces a truncated WER WER mRNA as compared with the wild type (Figure 4B).
Cell
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Figure 4. Accumulation of WER RNA in Different Organs and Mu-
tants
(A) Northern blot hybridized with a WER gene-specific probe, includ-
ing total RNA isolated from entire seedlings, root tips, and shoots
(cotyledons and hypocotyls) from 4-day-old plants, rosette leaves
from 3-week-old plants, and entire roots, floral buds (and shoot
apical meristems), open flowers, cauline leaves, and stems from
4-week-old plants. The same blot was hybridized with an Arabi-
dopsis 18s rRNA probe as a loading control.
(B) Northern blot with total RNA from 4-day-old seedling root tips
of wild type (Ler), ttg-1, and gl2-1 mutants hybridized with a WER
gene-specific probe. The same blot was hybridized with an Arabi-
dopsis actin gene probe as a loading control.
Thus, WER gene expression is not likely to be regulated
by TTG or GL2.
To accurately define the spatial and temporal aspects
of WER gene expression during root epidermis develop-
ment, we employed in situ RNA hybridization and pro-
moter-reporter gene fusion experiments. The in situ hy-
bridizations were performed with digoxigenin-labeled
antisense and sense WER RNA probes, and the stron-
gest antisense RNA signal was observed in developing
epidermal cells at the N cell position (Figure 5A). In the
Figure 5. Expression of WER Gene in a Cell Position±Dependentreporter gene experiments, we first fused the 59 and 39
Manner
WER genomic sequences from the complementing WER
(A) In situ RNA hybridization of WER mRNA. Longitudinal and trans-fragments (Figure 3A) to the WER cDNA and determined verse sections of roots hybridized with a digoxigenin-labeled anti-
that this construct rescues the wer mutant phenotype. sense or sense probe from the WER gene. Bar in longitudinal section,
Subsequently, transgenic plants were produced that 50 mm. Bar in transverse section, 25 mm.
(B) Longitudinal view of WER::reporter gene expression during rootcontained these 59 and 39 WER sequences fused tran-
development. Histochemical staining (0.5 hr) of WER::GUS and con-scriptionally to either the b-glucuronidase (GUS) or the
focal microscopy of WER::GFP (surface view and median section)green fluorescent protein (GFP) coding regions. Similar
reveal WER expression in N cell files and lateral root cap. Propidiumto the in situ hybridization results, these reporter genes iodide (red signal) was included in the GFP experiments to visualize
were preferentially expressed in developing epidermal cell boundaries. The inset in the center panel is at a lower plane of
cells located in the N position, with expressing cells focus to show cortical cell wall position. Bar, 50 mm.
(C) Transverse view of the WER::GUS reporter expression in rootextending from the early meristematic to the elongation
section from meristematic region, assayed by histochemical stain-regions (Figures 5B and 5C). Together, these results
ing (0.5 hr). Bar, 25 mm.show that WER gene expression and WER mRNA accu-
(D) Expression of WER::reporter genes in the hypocotyl epidermis.mulation occur in a cell position±dependent manner Confocal microscopy of WER::GFP and histochemical staining (5
within the developing epidermis. hr) of WER::GUS hypocotyls illustrates position-dependent WER
These expression studies provided additional insight expression. White triangles mark the location of anticlinal cortical
cell walls in the light micrograph inset. Bar, 10 mm.into WER gene expression. In both the in situ hybridiza-
tions and the promoter-reporter gene lines, WER gene
expression was observed in the lateral root cap cells
(Figure 5), although no defect in lateral root cap structure set of meristem initial cells (Dolan et al., 1994). In the
hypocotyl, the WER::reporter gene fusions exhibitedor development is observed in the wer mutant (Figures
1C and 2C; unpublished observations). This aspect of preferential expression within files of epidermal cells
located outside a single cortical cell (equivalent to theWER expression may be related to the fact that the
epidermis and lateral root cap tissues share a common N position in the root epidermis; Figure 5D). Together,
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these results show that the WER gene is expressed in
a cell position±dependent manner within the developing
epidermis of the root and hypocotyl.
Ectopic Expression of WER Alters Epidermal
Cell Differentiation
In order to further define the function of WER, the effect
of ectopic expression of the WER gene on GL2 expres-
sion and root epidermis development was examined. A
construct containing the WER sequence fused tran-
scriptionally to the CaMV35S promoter was introduced
into wild-type and wer-1 mutant plants. In the wild-type
background, the 35S::WER transgene did not cause a
significant change in the patterning of epidermal cell
types (Figures 1D and 1E). However, this transgene did
Figure 6. Interaction between WER and R Proteins in the Yeast
induce GL2 expression within epidermal cells in the H Two-Hybrid Assay
position, as assessed by the GUS activity in 35S::WER The LacZ reporter activity in yeast cells for the pairwise combina-
plants harboring the GL2::GUS transgene (Figure 2E). In tions of plasmids is shown. The activity in the negative control
the wer-1 mutant background, the 35S::WER transgene (containing vectors pGAD424 1 pGBT9) represents the background
level in yeast cells. Error bars represent standard deviations. AD,was able to convert a large proportion of hair cells (in
GAL4 transcriptional activation domain; BD, GAL4 DNA-bindingboth the N and H positions) to non±hair cells (Figures
domain.1D and 1E). Together, these results show that ectopic
expression of WER driven by the CaMV35S promoter
induces ectopic GL2 expression and is sufficient (at
gene represents a novel regulator of this cell specifica-least in the wer background) to induce ectopic non±hair
tion process. First, wer mutations disrupt the normalcells.
pattern of epidermal cell differentiation, causing nearlyThe analysis of the wer-1 35S::WER plants also shows
all cells to adopt a root hair cell fate. Furthermore, werthat epidermal cells in the two positions (H and N) are
mutations alter the position-dependent pattern of GL2not equivalent in their developmental potential. Most H
gene expression, leading to a reduced and largely ran-position cells (87%) still develop into root hair cells and
dom pattern of expression. Finally, wer mutant plantsmost N position cells (65%) still develop into non±hair
bearing the 35S::R transgene possess an abnormal dis-cells (Figure 1E), indicating that the wer-1 mutation does
tribution of root hair and non±hair cell types, due to thenot render cells in the two positions equivalent in their
effect of wer. Together, these findings show that WERsensitivity to ectopic expression of WER.
is a key determinant of cell type patterning in the Arabi-
dopsis root epidermis.
WER Interacts with a bHLH Protein Map-based cloning of the WER gene revealed that it
Because both the WER MYB-type protein and the R encodes a MYB protein of the R2R3 class. Many MYB
bHLH-type protein can influence cell patterning and GL2 proteins have been shown to act as sequence-specific
expression during root development, we wished to de- transcriptional regulators in eukaryotes (Thompson and
termine whether they might physically associate with Ramsay, 1995), including several of the R2R3 type in
one another. The yeast two-hybrid interaction assay plants (Martin and Paz-Ares, 1997). The WER gene is
(Fields and Sternglanz, 1994) was employed for this pur- preferentially expressed in cells located in the N position
pose, using full-length WER and R gene products fused of the developing epidermis, which are the cells whose
to the transcription-activation (AD) and DNA-binding fate is disrupted by wer mutations. Thus, WER is likely
(BD) domains of the yeast GAL4 protein. Although to be a transcriptional regulator that acts within the N
strains containing only the BD-R fusion induced some position cells to ensure they adopt the non±hair cell fate.
lacZ transcription, yeast harboring a combination of the One possible target of WER regulation is the GL2
AD-WER and BD-R constructs exhibited the highest homeobox gene, because we have shown that wer mu-
level of lacZ reporter activity (Figure 6). This indicates tations and ectopic WER gene expression alter GL2 pro-
that these two proteins physically interact in yeast cells moter activity. Further, the expression pattern of WER
and is consistent with the possibility that the WER MYB- largely overlaps with the GL2 expression pattern during
type protein interacts with a bHLH-type protein to con- root development, with each gene preferentially ex-
trol epidermal cell patterning during Arabidopsis root pressed in the N cell position (Masucci et al., 1996; this
development. study). Inspection of the sequence shown to be critical
for position-dependent GL2 promoter activity (Hung et
al., 1998) reveals the presence of putative MYB-bindingDiscussion
site elements, including matches to the animal consen-
sus (TAACCG; Biedenkapp et al., 1988) and to the bind-WER Defines a Novel Component of the Epidermis
Cell Fate Pathway ing site of the plant MYB P [(C/A)TCC(T/A)ACC; Grote-
wold et al., 1994]. Although detailed promoter analysesDuring Arabidopsis root development, epidermal cells
adopt fates in a simple position-dependent pattern. Sev- are required, these results support the possibility that
WER directly regulates GL2 transcription.eral lines of evidence reported here show that the WER
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CPC gene products and the opposing effects of WER
and CPC on epidermal cell patterning suggest a simple
model to explain the patterning mechanism (Figure 7).
A Model for Cell Patterning in the Root Epidermis
In our proposed model, the relative activity of two com-
peting MYB transcription factors (WER and CPC) is criti-
cal for determining whether an epidermal cell activates
the non±hair cell differentiation pathway (and adopts the
non±hair fate) or fails to do so (and by default, adopts
the root hair fate). Each of these MYBs is proposed to
interact with a common bHLH protein, with the WER±
Figure 7. Model for the Regulation of Epidermal Cell Patterning
bHLH interaction contributing to an active transcription
The proposed action of cell fate regulators is shown within root
complex (due to the presence of the complete R2R3epidermal cells destined to adopt the root hair fate (in the H position)
WER MYB) and the CPC±bHLH interaction generatingor the non±hair fate (in the N position). Arrows indicate positive
an inactive complex (due to the truncated MYB encodedcontrol, and blunted lines indicate negative action. The TTG is a
WD40 repeat protein (Walker et al., 1999), CPC is a truncated one- by CPC; Wada et al., 1997). The normal epidermal cell
repeat MYB (Wada et al., 1997), GL2 is a homeodomain protein pattern is proposed to be the result of the WER activity
(Rerie et al., 1994), WER is a two-repeat MYB protein (this study), being relatively concentrated in the N position cells,
and the bHLH represents an as yet unidentified basic helix-loop-
whereas the CPC activity dominates in cells in the Hhelix transcription factor. See text for a detailed discussion of this
position (Figure 7).model.
This model is supported by several lines of evidence.
First, the model accounts for the ectopic root hair cell
phenotypes of the wer (this study), gl2 (Masucci et al.,WER is also likely to regulate a GL2-independent path-
way during root epidermis development. This follows 1996), and ttg (Galway et al., 1994) mutants, as well as
the ectopic non±hair cell phenotype exhibited by thefrom the observation that gl2 mutants only affect a sub-
set of the N cell developmental phenotypes; specifically, cpc mutant (Wada et al., 1997). The model is also consis-
tent with the ectopic root hair cell phenotype of the cpcthe repression of root hair outgrowth (Masucci et al.,
1996), whereas our results show that wer mutations af- gl2 double mutant (Wada et al., 1997) and the increased
N cell division rate in the ttg and wer, but not gl2, mutantsfect all aspects of N cell±type differentiation. Thus, WER
must also regulate genes that control the N cell±specific (Berger et al., 1998b; this study). The model also ac-
counts for the negative effect of ttg and wer mutationsrate of cell division and maturation. This implies that
an important aspect of WER function centers on the on GL2 expression (Hung et al., 1998; this study) and
the preferential expression of GL2 and WER in the Nregulation of cell proliferation, which is a common role
for vertebrate MYB proteins (Thompson and Ramsay, cell position (Masucci et al., 1996; this study). Further,
the relative placement of WER, TTG, and bHLH in the1995).
Our results further indicate that WER action is closely pathway is supported by the lack of an effect of ttg on
WER RNA level and by the ability of the 35S expressionassociated with a bHLH protein. Previously, we showed
that the R bHLH protein can, like WER, influence epider- of the R bHLH to suppress ttg but not wer mutations
(Galway et al., 1994; this study).mal patterning and GL2 expression (Galway et al., 1994;
Hung et al., 1998). Here we have shown that the effect The proposed competitive effects of the WER and
CPC on epidermal patterning is supported by severalof the R bHLH on root epidermis development requires
WER activity and that the WER protein interacts with observations. First, the wer-1 cpc double mutant exhib-
its a phenotype intermediate to the wer-1 and cpc singlethe R bHLH protein in the yeast two-hybrid assay. The
possibility of a direct interaction between the WER MYB mutants (this study), which is consistent with the pro-
posed opposing action of WER and CPC. Also, the ec-and a bHLH protein to control epidermis development is
reminiscent of anthocyanin pathway regulation in plants topic expression of CPC yields roots with ectopic hair
cells (Wada et al., 1997), a result predicted by the model(Mol et al., 1998), in which transcription of the structural
anthocyanin genes in diverse tissues typically relies on to be due to unusually high CPC activity in the N cell
position that interferes with the WER±bHLH interaction.the interaction of one MYB family member (e.g., C1 and
Pl in maize) and one bHLH family member (e.g., R, Lc, Furthermore, ectopic expression of WER induces GL2
expression in the H cell position and (in the wer back-and B in maize). Taken together, our findings are consis-
tent with the possibility that a WER±bHLH interaction is ground) ectopic non±hair cells (this study), a result pre-
dicted by the model to be due to unusually high WERresponsible for the transcriptional regulation of GL2 and
other genes necessary to define the non±hair cell fate activity in the H cell position. The lack of significant
ectopic non±hair cells in the wild-type background mayin the Arabidopsis root epidermis (Figure 7).
Furthermore, our results show that the MYB encoded reflect a difference in binding affinity between CPC±
bHLH and WER±bHLH, or it may be due to insufficientby WER and the truncated MYB encoded by CPC exert
opposing effects on root epidermis patterning. We find accumulation of WER (relative to CPC) induced by the
CaMV35S promoter. In this regard, it is noteworthy thatthat each single mutant alters epidermal cell fate in dif-
ferent locations, and the wer-1 cpc double mutant is the 35S::WER transgene is unable to convert all N posi-
tion cells in the wer mutant from hair to non±hair cellsintermediate in its hair/non±hair cell production and GL2
expression pattern. The similar nature of the WER and (Figure 1E). Finally, this model also accounts for the lack
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of developmental equivalency in the wer epidermal cells from them in that it does not affect shoot trichome for-
mation or seed coat mucilage production. In this re-in the H and N positions (this study), which may be
explained by the presence of CPC activity in the H posi- spect, it is significant that an Arabidopsis MYB closely
related to WER, GL1, is specifically required for trichometion (Figure 7).
To further test this model of epidermal cell patterning, formation (Figure 3B; Oppenheimer et al., 1991; Larkin
et al., 1997). Furthermore, GL1 (and TTG) is requiredit will be necessary to address several issues. First, it
will be necessary to define the level of CPC and WER for appropriate GL2 expression in the developing shoot
epidermis (Szymanski et al., 1998), similar to the effect ofRNA and/or protein accumulation in the N and H cell
positions. Also, it will be important to identify the pro- WER (and TTG) on GL2 expression in the root/hypocotyl.
Thus, it is likely that WER and GL1 represent relatedposed bHLH protein/gene and directly test its possible
interactions with WER and CPC. An understanding of MYBs that fulfill a similar role and interact with common
components (e.g., TTG, bHLH, GL2) in two distinct epi-the expression pattern of TTG and the bHLH will help
determine whether they are, as suggested in the model, dermal pathways: a WER-dependent pathway speci-
fying non±hair/nonstomatal cells in the root/hypocotylactive in both N and H cell positions. At present, the
notion that TTG does not convey positional information and a GL1-dependent pathway specifying trichome cells
in the leaf and stem.is supported only by the inability of ttg mutations to
disrupt position-dependent expression of GL2 (Hung et Given the related roles of WER and GL1, it is notewor-
thy that among the more than 100 estimated MYBs inal., 1998). Finally, a complete understanding of epider-
mal cell patterning will require the identification and Arabidopsis (Romero et al., 1998), there exists a third
MYB protein, AtMYBrtf (Z68158), that is closely relatedanalysis of the regulators of WER and CPC to determine
in sequence to WER and GL1 but with an unknownhow these components become active in a position-
function (Figure 3B). Considering the known role of TTGdependent manner.
and GL2 in seed coat mucilage production, ATMYBRTF
may be a MYB protein specifically responsible for seedGlobal Control of Epidermal Cell Fate in Arabidopsis
coat development and mucilage production.In addition to an understanding of root epidermis pat-
Our findings provide insight into the molecular strate-terning, our results provide insight into the control of
gies employed for epidermal cell patterning. A futureepidermis development throughout the Arabidopsis
challenge will be to understand how the componentsplant. As one example, the WER gene was found to be
that are common to several epidermal processes (e.g.,required for appropriate epidermal development in the
TTG and GL2) are able to contribute to very differenthypocotyl. In the wer mutants, the position-dependent
cell type patterning mechanisms in different tissues. Forpatterning of stomatal and nonstomatal cells is dis-
example, it will be interesting to determine whetherrupted, much like in the ttg and gl2 mutants (Berger et
these components simply act as partners for tissue-al., 1998c; Hung et al., 1998). Furthermore, the WER
specific regulators (e.g., WER and GL1) or whether theygene is expressed in a position-dependent manner in a
control portions of the pathways that are common tosubset of hypocotyl epidermal cells (in a location analo-
the development of all epidermal cells.gous to the N cell position in the root), and it is required
for the normal pattern of GL2 expression in the hypo-
Experimental Procedurescotyl. Thus, WER, TTG, and GL2 are each required for the
proper positional control of epidermal cell differentiation Arabidopsis Strains and Growth Conditions
throughout the root-hypocotyl seedling axis. In this re- The ttg-1 (in the Ler ecotype), 35S::R (WS), cpc (WS), and gl2-1 (Ler)
strains of Arabidopsis have been previously described (Koornneef,spect, the model proposed to control patterning of cell
1981; Galway et al., 1994; Masucci et al., 1996; Wada et al., 1997).types in the root epidermis (Figure 7) may also apply to
Seed mutagenesis of the Col and WS ecotypes with ethyl methane-the hypocotyl, although it is not yet known whether cpc
sulfonate was performed as described (Estelle and Somerville,
mutants affect the hypocotyl epidermis. 1987). The growth and screening of seedlings in vertically oriented
Because WER is a regulator of root and hypocotyl agarose-solidified plates has been described (Schiefelbein and
epidermal development, it will be interesting to deter- Somerville, 1990). Plant lines homozygous for a combination of two
or more mutations or transgenes were identified by phenotypic anal-mine whether its expression initiates during embryogen-
ysis, reporter gene expression, antibiotic resistance, and/or PCR-esis. The root and hypocotyl epidermis is known to arise
based polymorphisms.from a common basal set of protodermal cells at approx-
imately the globular stage of Arabidopsis embryogene- Microscopy
sis (Scheres et al, 1994). Analysis of the GL2::GUS and The proportion of cell types in the root epidermis was determined
from at least ten 5-day-old seedlings from each strain as previouslyJ2301 enhancer-trap GFP reporter genes demonstrates
described (Hung et al., 1998). An epidermal cell was scored as athat the future root and hypocotyl epidermal cells ex-
root hair cell if any protrusion was visible, regardless of its length.press these markers in a similar fashion, beginning ap-
Ectopic root hair cells were identified from transverse hand sections
proximately at the heart stage of embryogenesis (Berger taken from at least five 4-day-old roots from each strain (.50 hair
et al. 1998a; Y. Lin and J. S., unpublished data). There- cells scored per line) as described (Galway et al., 1994). Plastic
fore, WER expression may also be found to initiate early transverse sections were obtained from 4-day-old roots embedded
in JB-4 resin and stained with 0.05% toluidine blue O, as describedduring embryogenesis to regulate the pattern of gene
(Masucci et al., 1996).activities that ultimately leads to appropriate position-
The relative cell division rate in the H and N epidermal cell posi-dependent cell type differentiation throughout the root-
tions was deduced from the number of cells in the two files, using
hypocotyl epidermal axis. a previously described method (Berger et al., 1998b). The distribu-
Although WER is similar to TTG and GL2 in controlling tion of epidermal cell types in the hypocotyl was analyzed as de-
scribed (Hung et al., 1998). Trichome production was determinedroot and hypocotyl epidermal development, it differs
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by counting the total number of trichomes on the surface of the first Scheres, and Amanda Walker for helpful discussions. This work was
supported by a KOSEF postdoctoral fellowship (M. M. L.) and by atwo leaves of 12-day-old plants.
Histochemical analysis of plants containing the GUS reporter gene grant from the National Science Foundation (IBN-9724149).
was performed essentially as described (Masucci et al., 1996). Quan-
titative analysis of GUS activity was determined from 4-day-old root Received August 13, 1999; revised October 27, 1999.
tips from F2 seedling pools as previously described (Hung et al.,
1998), with one unit of GUS activity defined as one pmol methylum- References
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